Cells of Pseudomonas stutzeri are naturally transformed by homologous chromosomal DNA; they do not require chemical treatment to become competent. This capacity to undergo natural transformation was found to be shared by the closely related species P. mendocina, P. alcaligenes, and P. pseudoalcaligenes, but was not detectable in strains of P. aeruginosa, P. perfectomarinus, P. putida, P. fluorescens, or P. syringae. P. stutzeri could be transformed either on plates or in liquid medium. Only double-stranded chromosomal DNA was effective; single-stranded DNA and plasmid DNA were not. DNA fragments larger than 10 kilobase pairs were more effective than smaller fragments. The transformation frequency was proportional to DNA concentration from 1 ng/ml to 1 ,u/ml; higher concentrations were saturating. (15, 26) and Bacillus subtilis (3, 16).
transformation frequency was proportional to DNA concentration from 1 ng/ml to 1 ,u/ml; higher concentrations were saturating. The maximum frequency, about 10 transformants per recipient cell, was obtained with cells from a culture in the early stationary growth phase. A variety of chromosomal mutations have been transformed, including mutations to auxotrophy and to antibiotic resistance. Other systems for genetic exchange in P. stutzeri have not yet been found; transformation offers a means for the genetic analysis of this metabolically versatile organism.
Smith et al. (28) have emphasized the fundamental differences between natural and artificial systems for genetic transformation of bacteria. The former, limited to a relatively small number of gram-positive and gram-negative bacteria, are highly evolved mechanisms of genetic exchange requiring the synthesis of as many as 13 transformation-specific proteins. Artificial transformation, on the other hand, is applicable to a large number of bacterial species. It includes a variety of chemical treatments that render bacterial cells capable of incorporating soluble exogenous DNA and is usually utilized for plasmid or viral DNA.
The utility of natural transformation in determining linkage between chromosomal markers has been demonstrated in studies with Acinetobacter calcoaceticus (15, 26) and Bacillus subtilis (3, 16) .
Because Pseudomonas stutzeri has certain distinct advantages as a subject for studies on denitrification (C. A. Carlson and J. L. Ingraham, submitted for publication), we initiated a series of genetic studies on this organism. In the course of these studies we have found that P. stutzeri has the genetic capacity to be transformed by chromosomal chemical treatment. Here we describe some of the characteristics of natural transformation in P. stutzeri and the distribution of this trait among closely related species.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains of Pseudomonas spp. used in this study, are given in Tables 1   and 2 . P. stutzeri JM300 was derived as a smoothcolony variant of a strain obtained from the collection of C. C. Delwiche of this university. That strain was isolated from an anaerobic enrichment from soil with succinate and nitrous oxide (B. A. Bryan, Ph.D. thesis, University of California, Davis, 1980) . We observed that variant smooth colonies appear occasionally on agar plate cultures among the rough, flattened, sticky colonies that are characteristic of P. stutzeri (29) ; one such colony was selected and given the strain number JM300. JM300 is easy to transfer, never reverts to the parental colony type, and satisfies a number of common diagnostic criteria for P. stutzeri (23) . It is being deposited in the American Type Culture Collection. The other 16 P. stutzeri strains listed in Table 2 include 6 that were designated Pseudomonas stanieri at one time, but are now considered to be indistinguishable from other P. stutzeri (21, 23) . Stock cultures were maintained aerobically on enriched agar slants.
The broad-host-range plasmids R68.45 (10) and pPHlJI (4) were conjugally transferred to P. stutzeri recipient strains by the filter mating method of Jacob et al. (12) The concentration of DNA was estimated either by its optical density at a wavelength of 260 nm by using the relation 50 ,ug/ml = 1.0 (31) or by its reaction with diphenylamine (27) .
Chromosomal DNA was sheared by repeated passage through a 22-gauge needle on a 100-Ml Hamilton syringe. The average size of the fragments was esti- P. pseudoalcaligenes ATCC 17440 P. syringae B3A, B359, B427 a When transformation was to prototrophy, the strains listed were the source for DNA that was used to transform auxotrophs derived from these strains (i.e., P. stutzeri JM302, 303, 494, and 498 and P. pseudoalcaligenes JM496; see Table 1 ). When transformation was to rifampin resistance each of the strains was tested as a recipient of DNA extracted from a rifampin-resistant mutant derived from that strain. mated with standard procedures by comparing their electrophoretic migration on agarose gels with standards of known molecular weight prepared by digesting purified bacteriophage lambda DNA with EcoRI restriction endonuclease (2) .
Transformation. The plate transformation method of Juni and Heym was used as described previously (13, 14) , except that LB medium plates were used for overnight incubation at 37°C, and prototrophs were subsequently selected on MS medium plates incubated for 3 days at 37°C.
In some experiments cells were transformed in liquid with purified DNA by procedures based upon those of Cohn and Crawford (7) . For the experiment designed to follow the development of transformation competence, cells from a culture of the auxotroph JM302 in the early stationary growth phase were mixed with JM300 DNA in 1 volume of fresh LB medium and incubated for various times to take up the DNA. Then DNase was added, and incubation was continued for 1 h to degrade unincorporated DNA before cells were spread on selective plates to identify prototrophic transformants. This procedure was expanded to include diluting the cells, at the time of DNA addition, with 0.003 to 300 volumes of MS medium. The DNA concentration was kept constant at 1 ,ug/ml.
For the DNA competition experiment, purified chromosomal DNA from P. stutzeri JM300, P. stutzeri JM303, or Escherichia coli CP78 was sheared to an average size of 6 to 8 kilobase pairs, as described above. Cells of JM303 were then transformed in liquid, by the procedure described above, with mixtures of a saturating concentration (2 ,ug/ml) of JM300 DNA and various concentrations of competing DNA from JM303 or CP78, both incapable of transforming the cells to prototrophy.
RESULTS
Detection of genetic exchange in P. stutzeri. The Taxonomic range of transformation in Pseudomonas spp. The discovery of the existence of natural transformation in P. stutzeri raised the question of how widely this trait is shared among pseudomonads. The procedure used was similar to the technique described above: either amino acid auxotrophs or rifampin-resistant mutants of each of 35 different Pseudomonas strains were isolated. Then, in each strain, the ability of wildtype DNA to produce prototrophs, or of DNA from rifampin-resistant mutants to produce resistant clones, was examined by the plate transformation method. By this procedure, transformation could be demonstrated in 10 of 17 strains of P. stutzeri, 2 of 3 strains of P. pseudoalcaligenes, 1 of 2 strains of P. alcaligenes, and all 3 strains of P. mendocina (Table 2) . We were unable to detect transformation in five strains of P. fluorescens (representing biotypes B, C, D, and E), in three strains of P. syringae, or in strains of P. aeruginosa, P. perfectomarinus, or P. putida, even though each of these was subjected to at least two separate trials.
Interspecies transformation. In the above survey, homologous transformation (i.e., the incorporation of each strain's own DNA) was shown to be widespread among various isolates of P. stutzeri and closely related species. In another set of experiments, we tested for the extent of heterologous transformation between mutants derived from P. stutzeri JM300 and the various other strains by using the plate technique. Phenotypic characters scored were histidine auxotrophy (JM302 as recipient), tryptophan auxotrophy (JM303 as recipient), and streptomycin resistance (JM329 as donor). Only four strains of P. stutzeri (ATCC 17461, 17587, 17591, and 17595) exhibited heterologous transformation. Fourteen other strains of P. stutzeri, two strains of P. mendocina, two strains of P. pseudoalcaligenes, and one strain of P. alcaligenes did not transform with heterologous DNA (data not shown).
Liquid transformation. The plate transformation system provided an easy survey method, but we turned to a liquid system, employing purified DNA, to define more precisely the optimum conditions for transformation. These VOL. 153, 1983 on October 19, 2017 by guest http://jb.asm.org/ Downloaded from studies focused on P. stutzeri JM300 and mutants derived from it.
Cells removed from a culture of an auxotroph during exponential growth in LB medium were mixed with purified DNA from prototrophic cells. After growth to the stationary phase, cells were diluted with minimal medium and spread onto minimal-agar plates. The number of resulting prototrophic transformants was directly proportional to the concentration of DNA over a 1,000-fold range (Fig. 1) . Furthermore, the number of transformants reached a maximum at about 1 ,uLg of DNA per ml. These simplesaturation kinetics suggested the presence of discrete sites for initiation of the transformation event.
Transformation a DNase-resistant state, the first readily recognizable stage of transformation. In gram-positive bacteria, a specific protein, the "competence factor," appears to initiate development of competence; in transformable gram-negative species, competence can often be induced by changing the growth medium (28) . We sought to define conditions leading to maximum transformation of P. stutzeri, that is, the maximum frequency of competent cells in a culture.
A series of experiments showed that frequency of transformation increased only about twofold during the growth cycle in either enriched or defined medium (data not shown). However, transfer of cultures from enriched to minimal medium appeared to increase the frequency of transformation markedly. To optimize the conditions fostering increased transformation a series of experiments were done in which the effect on competence of various changes in growth medium was measured. In one of these ( Fig. 2) a culture of JM302 in LB broth that had been in the stationary phase for only a few hours was used to inoculate media composed of various mixtures of enriched and minimal media. At inoculation, transforming DNA was added to each culture, and at various subsequent times samples were taken, treated with DNase, and plated to select for transformants. The results (Fig. 2) Physical properties of transforming DNA. In an effort to define more clearly the nature of the transformation process in P. stutzeri, we tested the consequence of physically altering the transforming DNA. Chromosomal DNA purified from the wild type (JM300) was sheared by repeatedly forcing it through a syringe. The various average sizes of sheared DNA were then used to transform auxotrophic cells to prototrophy. The results (Fig. 3) showed that small DNA fragments (a few kilobase pairs in size) were much less effective in transformation than large fragments (20 to 60 kilobase pairs). The frequency of transformation was highest with DNA fragments of about 10 to 15 kilobase pairs.
Only double-stranded chromosomal DNA was effective in transformation (Table 3) . Singlestranded DNA generated by thermal denaturation followed by rapid cooling was 1,000-fold less effective than double-stranded DNA at the same concentration. Natural transformation by plasmid DNA was not detectable. The broadhost-range plasmids R68.45 and pPHlJI, which can be transfered into P. stutzeri by conjugation and stably maintained there, were not transformed into it. Even regimens of chemical and heat treatment that render enteric bacteria competent for transformation by plasmid DNA did not render P. stutzeri competent. (S. Steenbergen, unpublished data). To establish unequivocably the difference in transforming activity be- tween chromosomal and plasmid DNA, a mixture of the two was tested in a single experiment. A total DNA preparation from strain JM332 carrying the plasmid pPHlJI was used to transform strain JM300 to antibiotic resistance. Strain JM322 is resistant to streptomycin as a consequence of a chromosomal mutation and to gentamicin as a consequence of harboring pPHlJI (4). Streptomycin-resistant transformants were obtained; gentamicin-resistant transformants were not (Table 3 ). Owing to possible complications of interpretation of this experiment that might result from the fact that pPHIJI also encodes low-level resistance to (Table 3) .
DNA competition studies. The competiveness of heterologous DNA with transformation was measured to determine the specificity of the uptake process. Cells of a P. stutzeri auxotroph were exposed to mixtures of wild-type DNA and homologous or heterologous competing DNA. High concentrations of either the homologous or the heterologous DNA could reduce the number of transformants, probably by competing for uptake of JM300 DNA (Table 4) . Homologous DNA was the more effective competitor, especially at very high concentrations. Competition suggests that an early step in P. stutzeri transformation involves binding to a surface receptor.
Cotransformation of chromosomal markers. In view of the demonstration of the utility of the natural transformation system for linkage analysis in P. stutzeri, we attempted to cotransform adjacent chromosomal markers. The determinants for resistance to streptomycin and rifampin are known to be closely linked in P. aeruginosa strains PAO and PAT (11) and in P. putida strain A3.12 (A. F. Morgan, personal communication). The DNA of JM375, a strain carrying independently selected resistances to both streptomycin and rifampin, was used to transform JM300 cells to streptomycin resistance, and then 50 of these colonies were scored for rifampin resistance. Of the streptomycin-resistant transformants, 28% were also rifampin resistant.
DISCUSSION
The aerobic pseudomonads have been divided, on the basis of rRNA homology (24) , into five groups, one of which contains all of the Pseudomonas species that were tested in our study. This group is subdivided into three DNA homology groups (24) . All species that we found to be naturally transformable (P. stutzeri, P. mendocina, P. alcaligenes, and P. pseudoalcali- There have been reports of natural transformation of chromosomal DNA in P. fluorescens (19, 20) and in P. aeruginosa (17, 18) , but these observations have not been confirmable (5, 22, 25) . Although the transformability of P. solanacearum has been cited (11) it is not clear that the observed phenomenon was not, in fact, conjugation (6) . The data presented here establish that representatives of at least one DNA homology group of the genus Pseudomonas do possess a capacity for natural transformation.
Although we have not yet studied the molecular details of transformation in P. stutzeri, a number of properties of the process have been established. (i) The level of competence in a population of cells can be altered by manipulating the physiological state of the culture. (ii) After transformable DNA has been taken into competent cells (i.e., rendered resistant to exogenous DNase), the yield of transformants declines when the culture is held in stationary phase. We presume that transforming DNA is degraded within the cell if it is not integrated into the endogenote. (iii) Only double-stranded chromosomal DNA causes transformation; plasmid DNA is ineffective. We speculate that this could mean that recognition sites, similar to those described in the Haemophilus sp. transformation system (8, 28) are required for transformation to occur in P. stutzeri. (iv) The presence of heterologous DNA at relatively high concentrations in the transformation mixture decreases the yield of transformants. Competing DNA probably exerts its effect at an early stage of the transformation process. (v) The optimal size of transforming DNA is 10 to 15 kilobase pairs.
This system of natural transformation, even at its present state of development, appears to be a useful technique for genetic analysis of P. stutzeri, an organism which offers distinct advantages for studies on denitrification (Carlson and Ingraham, submitted for publication). 
